Bacterial pathogens cause significant morbidity and mortality annually to both humans and animals. With the rampant spread of drug resistance and the diminishing effectiveness of current antibiotics, there is a pressing need for effective diagnostics for detection of bacterial pathogens and their drug resistances. Bacteriophages offer several unique opportunities for bacterial detection. This review highlights the means by which bacteriophages have been utilized to achieve and facilitate specific bacterial detection Bacterial pathogens cause significant morbidity and mortality annually to both humans and animals. With the rampant spread of drug resistance and the diminishing effectiveness of current antibiotics, there is a pressing need for effective diagnostics for detection of bacterial pathogens and their drug resistances. Bacteriophages offer several unique opportunities for bacterial detection. This review highlights the means by which bacteriophages have been utilized to achieve and facilitate specific bacterial detection.
Introduction
Pathogenic bacteria pose a global health threat and cause extensive morbidity and mortality each year. The tuberculosis (TB) epidemic, caused by Mycobacterium tuberculosis was responsible for 1.4 million deaths world-wide in 2011 and 8.7 million new cases in the same year. 1 Contaminated food and water is a major source for infection by bacterial pathogens, an estimated 1.2 million cases of Salmonella infection occurs annually in the USA alone, with far more cases likely in third world countries. 2, 3 Emergence and spread of drug resistance among bacterial pathogens is a cause for concern and has been observed among various pathogens such as the gram negatives Citrobacter freundii, Klebsiella pneumoniae, Acinetobacter, Proteus mirabilis, Pseudomonas aeruginosa and Escherichia coli as well as the gram positives Staphylococcus aureus and Enterococci 2,4-6 . The rise in drug resistance and dwindling drug treatment options, best exemplified by the current Mycobacterium tuberculosis epidemic, emphasize the need for rapid and effective diagnostics to contain the spread of bacterial pathogens. Culture remains one of the most common methods for bacterial detection and drug resistance profiling. However, this leads to a diagnostic time delay for bacteria with a slow growth rate. Furthermore, certain pathogens require specialized biohazard facilities, prohibiting its wide-spread use. Culture is also limited to culturable bacteria, however viable but nonculturable (VBNC) cells could escape detection. Although molecular methods provide rapid alternatives to culture, their wide-spread use is limited by cost, infrastructure requirements and the need for skilled operators. Various bacteriophage-based assays have been investigated for specific host detection. These assays offer the advantages of rapid, sensitive and specific host detection, cheap production costs as well as detecting only viable cells. In this review, we consider how bacteriophages offer unique features that could provide simple solutions for bacterial detection.
Bacteriophage detection assays Phage typing as a diagnostic tool
As early as 1938, bacteriophages were utilized to determine bacterial taxonomy by phage typing. 7, 8 Phage typing exploits differential susceptibility of bacteria to various bacteriophages to enable the determination of bacterial genus and species 9 . The method, shown in Figure 1 , is based on detection of plaques on bacterial lawns following bacteriophage replication and bacterial cell lysis and has been applied to several bacteria. The main restriction of using phage typing assays as a diagnostic is that they rely on the host bacterial replication rate for lawn formation, which can be time consuming for slow growing bacteria such as Mycobacteria. 10, 11 This limitation has since been addressed via surrogate fast growing bacteria in bacteriophage replication assays.
Bacteriophage replication assays
Use of mycobacteriophage D29, capable of infecting both the slow growing Mycobacterium tuberculosis and the fast growing Mycobacterium smegmatis, enabled development of a bacteriophage replication assay for M. tuberculosis detection. 12, 13 In their assay, the M. tuberculosis sample is incubated with mycobacteriophage D29, treated with an antiviral agent to kill excess mycobacteriophages and then plated onto an M. smegmatis lawn. Lytic phage replication, indicative of M. tuberculosis in the original sample, is detected by plaque formation. Figure 2 shows an illustration of bacteriophage replication assays. A variation on this the assay substituted solid culture media with liquid culture media and made use of a multichannel series piezoelectric quartz crystal sensor to detect cellular lysis. The assay could detect as low as 100 cfu/ml in 30h.
14 A similar bacteriophage replication assay was developed for Pseudomonas aeruginosa. 15 The assay consisted of exposing the sample containing P. aeruginosa 10548, as well as control samples containing no cells, with bacteriophage NCIMB 101116 followed by addition of P. aeruginosa 10545 surrogate cells to allow bacteriophage replication and host lysis. The samples are then filtered, concentrated onto membranes and resuspended. The ratio of live to dead cells following fluorochromic staining and fluorescence measurement was then taken as a measure of bacteriophage amplification correlating to the initial bacterial concentration in each sample. The assay detected approximately 10 c.f.u. ml -1 in 4 hours. 15 Bacteriophage replication assays have the advantage of detecting only viable cells, in contrast to PCR, makes them less prone to false positive case detection.
Bacteriophage replication assays for detection of drug resistance
Mycobacteriophages gained popularity when they were shown to be able to discriminate between drug resistant and drug sensitive M. tuberculosis isolates for selected antimycobacterial drugs. 12, 13, 16, 17 This is possible since selected antibiotics block mycobacteriophage replication in susceptible strains and allow replication in drug resistant strains. Screening for ethambutol and isoniazid resistance, however, require several days' incubation of the sample with the drugs, since these drugs do not block mycobacteriophage replication directly and are active only in certain cell growth stages.
12,18 A variation on this assay used a micro-well format of the replication assay described above, followed by an additional 16h incubation step to allow detection of a colorimetric redox reaction indicative of M. smegmatis growth and thus drug resistant M. tuberculosis. 19, 20 A meta-analysis of 31 studies investigated bacteriophage replication assays for M. tuberculosis drug susceptibility testing. 21 The analysis determined that the commercial assays had an overall sensitivity and specificity of 96% and 95%, respectively, and in-house assays had a sensitivity and specificity of 99% and 98%. The contamination rates were initially 0-36% (higher in direct sputum samples), which leads to indeterminate results. The assays have since been updated to include an antibiotic which reduces indeterminate results by 68%, without reducing the sensitivity and specificity. 21 The detection limit of mycobacteriophage replication assays is estimated at 100-300 bacilli ml -1 for a positive result 22 , 10 fold higher than for culture based techniques. With the current performance of mycobacteriophage replication assays it is clear that they cannot replace culture methods, due to inadequate sensitivity, specificity and minimal variety of drug susceptibility testing (DST). Bacteriophage replication assays do, however, offer a rapid and sensitive alternative to microscopy-based techniques for low resource settings. 21, [23] [24] [25] Detection of host lysis by using bacteriophages in conjunction with bioluminescence and electrochemical assays Bacterial lysis, such as during the bacteriophage lytic cycle, releases cellular components that can be readily detected, including adenosine triphosphate (ATP), adenylate kinase (AK) and β-D-galactosidase. 26, 27 Bacteriophage strainspecificity permits specific detection of host lysis in mixed bacterial populations. [26] [27] [28] Detection of host lysis and release of ATP have previously been performed following addition of luciferase and luciferin; this achieved a low detection limit of 10 3 to 10 4 cells. 26 The method was improved by detection of AK released following bacteriophage-induced lysis of host bacterial cells. AK is an essential enzyme in most bacterial cells that catalyzes the equilibrium reaction: ATP + AMP 2ADP Addition of ADP drives the reaction to produce ATP and this in turn can fuel light production via bioluminescence, creating a sensitive detection assay for AK. Blasco et al investigated the use of bacteriophage for specific bacterial lysis in combination with the AK detection assay. 26 The assay could detect fewer than 10 4 c.f.u. ml -1 in less than 1h for E. coli and less than 2h for Salmonella newport detection. Subsequent assay optimization improved sensitivity to 10 3 c.f.u. ml -1 for both species. 29 Neufeld et al. developed an electrochemical assay to detect the release of the common cellular constituent, β-D-galactosidase. β-D-galactosidase is released by E. coli K-12 MG1655 upon cell lysis by the bacteriophage lambda vir gene product. The target sample is then filtered to separate the lysed cellular components from intact cells which potentially also contain β-D-galactosidase. The current resulting from the enzymatic activity of β-D-galactosidase is measured electrochemically in real-time. The assay was able to detect as little as 1 c.f.u. per 100ml in 6-8h. The assay has the advantage of detecting enzymatically active cells which are not necessarily culturable, in contrast to bacteriophage replication assays which can only detect viable cells. The assay requires a pre-incubation step for concentrations of bacteria lower than 2.5 x 10 3 c.f.u. ml -1 , for example detecting 100 c.f.u. ml -1 requires 3-4h pre-incubation. The electrochemical assay was later also adapted for detection of Bacillus cereus and M. smegmatis. 28 The bacteriophage B1-7064 and substrate para-amino-phenyl-α-D-glucopyranoside was used for B. cereus whereas mycobacteriophage D29 and substrate para-amino-phenyl-β-D-glucopyranoside was used for M. smegmatis. The modified assay could detect 10 c.f.u. ml AP is expressed by E. coli following infection by the helper bacteriophage and reacts with p-aminophenyl phosphate to produce p-aminophenol in an oxidation reaction which is measured using an electrochemical cell. The assay could detect 1 c.f.u. ml -1 in 2-3h. 30 Assays based on host cell lysis detection have the inherent risk of background signal from non-target bacteria. To overcome this, assays that monitor the release of bacteriophage components were investigated. One such method, for Yersinia pestis detection, involved real-time PCR-based detection of bacteriophage DNA. 31 The assay consisted of a parallel infection assay using two bacteriophages to increase specificity. 31 The samples, containing as little as a single cell of Yersinia pestis, were infected with bacteriophage ᵠA1122 and L-431C respectively. 31 Following incubation, bacteriophage specific DNA amplification was monitored using real-time PCR which could detect bacteriophage amplification in 4h.
31
Antibody-based host concentration in conjunction with bacteriophage assays Immunomagnetic separation (IMS) utilizes antibody-coated magnetic beads as a means to capture, concentrate and purify bacteria from samples. 32 Detection assays combining IMS with bacteriophage-dependent methodologies have been investigated for detection of several bacteria. [32] [33] [34] Applied to the detection of Salmonella serovar Enteritidis in broth, using bacteriophage SJ2, the assay could detect less than 10 4 c.f.u. ml -1 in 4-5h using either optical density or fluorescence measurement to detect bacteriophage amplification. 34 A further study applied the method to detection of E. coli O157:H7 and Salmonella enteritidis in food samples. 33 The assay involved IMS of target bacterial cells, addition of bacteriophages (bacteriophage SJ2 for Salmonella enteritidis and bacteriophage LG1 for E. coli O157:H7), a wash step to remove unbound bacteriophages, followed by addition of surrogate cells and detection by measuring differences in optical density of the sample medium. 33 The assay had a detection limit of less than 10 4 c.f.u. ml -1 in broth, could detect 3 c.f.u. of Salmonella enteritidis in 25g or 25ml food samples and could detect 2 c.f.u. g -1 of E. coli in food samples in 20h. 33 Applied to detection of E. coli, an assay consisting of IMS of host cells, infection by bacteriophage MS2 and detection of MS2 capsid protein from the assay medium by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOFMS) was shown to detect phage amplification from samples containing ~5.0 x 10 4 cells ml -1 in less than 2h.
32
Antibody-based assays have the disadvantages of crossreactivity of polyclonal antibodies and high production costs for monoclonal antibodies. 35 Bacteriophages bind to their bacterial hosts with similar high specificity, however they have the advantages of reliable specific binding, significantly cheaper large scale production and their relative insensitivity to temperature and pH compared to antibodies.
36

Bacteriophage biosorbents
Immuno-PCR relies on covering a surface with host/antigen specific antibodies, removal of unbound antibodies, addition of the sample to be probed, wash steps, followed by PCR based detection of target DNA. 37 Analogous assays which utilize bacteriophages as biosorbent have been investigated 38 as shown in figure 3 . An assay that exploited sapphire phage (Amersham International) for specific capture of Salmonella followed by fluorescence-based microscopy detection was investigated. 38 The authors reported poor performance due to inefficient phage immobilization, stating that their method allowed both head and tail to immobilize onto the solid surface due to passive adsorption. 38 In lieu of this, oriented immobilization of a recombinant bacteriophage T4 was investigated for the specific capture and detection of E. coli. 39 The study investigated biotin carboxyl carrier protein gene fusions to the T4 small outer capsid (SOC) protein gene, resulting in the ligands` localization on the bacteriophage head. 39 The recombinant bacteriophages could be immobilized on streptavidin-coated magnetic beads and captured 72-99% of target bacteria from a 10-10 5 c.f.u. ml -1 sample in contrast to 10-30% for the non-labeled control bacteriophages. 39 By means of real time PCR monitoring of bacteriophage replication, as low as 800 cells could be detected within 2h. 39 Investigation of bacteriophage-encoded bacterial binding proteins has resulted in the discovery of several proteins responsible for specific host recognition. The cell wall-binding domains from the endolysins encoded by bacteriophages A118 and A500 were investigated for specific immobilization and separation of Listeria monocytogenes as an alternative to IMS. 40 Recombinant cell wall-binding domains from the bacteriophages (named CBD118 and CBD500) were expressed in E. coli as a fusion protein to a histidine-tagged green fluorescence protein (GFP) reporter protein and used to coat magnetic-beads, followed by binding and separation of host Listeria monocytogenes cells from samples. 40 The proteins showed specific host recognition without cross-reactivity as is frequently the case with antibodies. 40 By means of fluorescence microscopy, the assay could detect as low as 100 c.f.u. g -1 after 6h selective enrichment, and could detect 0.1 c.f.u. ml -1 after 24h selective enrichment. 40 Investigation of another bacteriophage-encoded bacterial binding protein followed the discovery that the C-terminal region of a bacterial binding protein from γ-phage specifically binds to the cell wall of Bacillus anthracis. 41 This particular protein, Phage-Lysin-Gamma (PlyG), is a lysin protein. The region of PlyG conferring the binding activity was modified to incorporate a Glutathione S-transferase (GST) tag. The bacterial detection assay consisted of blotting bacterial suspensions onto a nitrocellulose membrane, blocking the membrane and exposing it to the PlyG-GST fusion proteins, followed by horseradish peroxidase (HRP)-conjugated mouse anti-GST detection. This assay could detect 10 3 c.f.u. ml -1 in ~3 h with superior sensitivity and similar specificity to plaquebased detection methods using γ-phage. 41 The authors speculated that the assay could be improved by labeling the recombinant PlyG protein with stable quantum dot nanocrystals. 41 To this end, a recombinant biotin-tagged PlyG together with streptavidin-conjugated quantum Dot nanocrystals was investigated for use as an improved diagnostic for Bacillus anthracis. 42 The assay consisted of incubating biotin-tagged PlyG with bacterial samples, followed by addition of streptavidin-conjugated quantum dot nanocrystals. Fluorescence was measured by microscopy or fluorometry using a micro-plate reader. The assay was rapid and showed high sensitivity capable of detecting single cells. 42 Another type of bacteriophage encoded bacterial binding protein called tailspike protein has been investigated for use in detection of Salmonella enterica serovar Typhimurium. 43 Bacteriophage P22 tailspike proteins were engineered to express a truncated, cysteine-tagged recombinant protein in E. coli; this exhibited superior binding activity to target host cells compared to the wild-type tailspike protein as well as the intact bacteriophage P22. 43 The assay consisted of immobilization of the recombinant tailspike proteins onto gold surfaces by thiolchemistry (facilitated by the cysteine tags), addition of the sample containing host cells followed by detection using surface-plasmon resonance. 43 The assay could detect concentrations of host bacteria as low as 10 3 c.f.u. ml -1 . A similar assay made use of engineered receptor binding protein Gp48 from bacteriophage NCTC 12673 for specific detection of Campylobacter jejuni. 44 The assay consisted of expressing and immobilizing the recombinant protein followed by detection of host cells using a surface plasmon resonance device, which could detect host cell concentrations as low as 10 2 c.f.u. ml -144
. Following whole genome sequencing of phage NCTC12673, Gp48 was re-annotated as Gp047 and used to create two detection assays capable of detecting Campylobacter jejuni and Campylobacter coli. 45 The first detection modality made use of mixing recombinant Gp047 with the sample followed by observing bacterial agglutination, whereas the second modality made use of EGFP-Gp047 fusion protein binding to bacterial host cells and detection of the labeled host cells by means of fluorescence microscopy. 45 
Labeled phage
Detection of host-bacteriophage binding has been facilitated through the use of various labeled bacteriophages. Detection of Shiga toxin-producing E. coli was investigated using HRPlabeled bacteriophages CBA120, AR1 and bacteriophage 56. . 46 A similar method combined immuno-separation of E. coli O157 with flowcytometry-based detection of bacteriophage-host binding. 47 The study made use of bacteriophage LG1 stained with the nucleic acid dye YOYO-1 (Molecular probes, Inc., Eugene, Oreg.). The assay was able to detect 10 4 c.f.u. ml -1 in 8h. 47 The assay was also adapted to detect E. coli O157 in food samples such as ground beef (2.2 c.f.u. g -1 in 7h) and raw milk (10 to 100 c.f.u. ml -1 in 12h). 48 Another labeled phage detection assay made use of bacteriophages labeled with radioactive isotopes. 49 The assay consisted of propagating bacteriophage 53 in its host S. aureus which is cultured in media containing N 15, producing N 15 labeled progeny bacteriophages. 49 The detection assay consisted of infecting S. aureus-containing samples with the N 15 labeled bacteriophages, followed by detection of N 14 labeled capsid proteins by means of mass spectrometry which indicate the presence of host cells in the sample. 49 The assay could detect 6.7 x 10 6 c.f.u. ml -1 in 2h and 6.7 x 10 5 c.f.u. ml -1 in 5h. 49 As a means to improve bacteriophage labeling methods, use of recombinant bacteriophages with affinity fusions to structural components have been investigated. 50, 51 Affinity tags such as biotin and tetracysteine allow specific binding to detectable markers. A tetracysteine-tagged bacteriophage M13KE was constructed for specific detection of E. coli ER2738. 51 The detection assay consisted of infection of host cells with the recombinant bacteriophages, incubation to allow bacteriophage progeny production, addition of a biarsenical dye and fluorescence detection. The dye, which bound to the tetracysteine-tags, allowed specific detection of host cells through detection of increased fluorescence levels using flowcytometry and fluorescence microscopy. 51 A recombinant E. coli phage T7 was constructed for detection of E. coli by fusing a biotinylation peptide tag to the T7 major capsid protein (named gp10a). The assay involved incubating the recombinant bacteriophage with the bacterial sample together with streptavidin-coated quantum dots. Following infection, the recombinant bacteriophage T7 becomes biotinylated by the native E. coli biotinylation enzymes. The biotinylated bacteriophages subsequently bind to the streptavidin-coated quantum dots, which can then be visualized by fluorescence microscopy. The diagnostics assay is illustrated in Figure 4 . Visual detection of target bacteria was possible within 1h and could detect as little as 10 c.f.u. ml -1 . 52 The lytic nature of bacteriophage T7 has, however, been suggested to hamper the sensitive detection of single cells. 50 To circumvent this problem, the use of non-lytic or conditionally replicating bacteriophages has been explored; for example, bacteriophage lambda gt11 was engineered to contain a biotin-binding peptide fused to the bacteriophage major coat protein gpD. 50 The biotin-tagged bacteriophages were harvested following temperature-induced replication. The progeny bacteriophages were then biotinylated by the E. coli host biotinylation enzymes, after which the bacteriophages could be purified. The purified and biotinylated bacteriophage lambda gt11 was added, together with streptavidin coated quantum dots, to the bacterial sample and incubated at room temperature. Since lambda gt11 harbours mutations which render it temperature sensitive, the bacteria do not undergo lysis at room temperature and intact cells could be fluorescently visualized. 50 Although the fluorescent properties of quantum dot nanocrystals are potentially superior to common fluorophores 53 , they have some attributes that hinder their usefulness. Quantum dot nanocrystals display non-constitutional fluorescence or "blinking", have solubility issues in polar solvents due to their inorganic nature which is problematic in biological samples and comprise structures an order of magnitude larger than other common fluorophores. 53 These issues have been addressed with a varying degree of success. 53 An alternative to assays which require the addition of substrate or dyes for detection is through the use of reporter phages which natively express a reporter signal.
Ice Nuclease reporter bacteriophages
Super-cooled water can remain liquid below 0°C, but can rapidly undergo a chain reaction of freezing when ice nuclei, or a nucleating agent is introduced to it. 54 Various organisms have the ability to cause nucleation of ice in supercooled water, such as Pseudomonas, Erwinia and Xanthomona. 55 The first recombinant bacteriophage to be constructed with ice nucleation as reporter signal, utilized the inaW gene from Pseudomonas fluorescens. 56 The inaW gene was transferred to bacteriophage P22 for specific detection of Salmonella. Expression of the inaW gene causes ice nucleation at temperatures below -9.3°C, which allows the cells to freeze. Detection of ice formation is aided by making use of a fluorescent freezing-indicator dye. 56 When tested on Salmonella, the assay could detect as low as 2 c.f.u. ml -1 in mixed bacterial populations, indicating that an enrichment step was not required. 57 A commercial assay based on the ice nuclease reporter bacteriophage P22 was also developed (called the Bacterial Ice Nucleation Diagnostic, (BIND) assay), which could detect less than 3 c.f.u. ml -1 in 3h. 58 Assays based on ice nucleation have the advantage that background bacteria are unlikely to contain similar genes to inaW, which makes the assay specific.
Bioluminescence
The firefly luciferase gene (Fflux) and the Vibrio fischeri luxCDABE operon have been extensively investigated and utilized to create luciferase reporter phage (LRP) assays (Table  1 ). The luxAB component of the luxCDABE operon synthesizes the luciferase enzyme and is under control of the regulatory genes luxI and luxR. The luxC luxD and luxE components produce an aldehyde substrate required for luciferase to produce light. luxI codes for a regulatory protein called an autoinducer, which interacts with luxR which in turn stimulates transcription of luxCDABE and luxI. As the concentration of autoinducer rises, so too does transcription of luciferase, luxI and luxR binding which creates an auto-amplified loop generating increasing levels of bioluminescence measurable by means of a luminometer.
The very first LRP was constructed by introducing the entire lux operon from Vibrio fischeri into bacteriophage lambda Charon 30. 59 In contrast to using the entire lux operon, LRPs have also been investigated which make use of the luxI autoinducer. 60, 61 These assays make use of LRPs which express luxI in their hosts, which in turn induce luciferase and substrate production by phage-immune cells which contain luxCDABE and luxR (but not luxI). LRP assays have also been investigated which make use of expressing luxAB in their hosts to produce luciferase [62] [63] [64] [65] [66] [67] , however, this requires the manual addition of substrate for light production.
Mycobacteriophage-based LRPs which utilize Fflux, and the addition of its substrate luciferin, have been utilized for mycobacterial detection as shown in table 2 as well as for DST to varying degrees of success. Initially a mycobacteriophage Tm4-based LRP was constructed to express Fflux under control of the Mycobacterium bovis BCG hsp60 promoter. The assay consisted of 7-8 days culture, 48h of pre-incubation of the sample with antibiotics, 1-5h infection with the LRP followed by addition of the substrate luciferin and detection using a luminometer resulting in a detection limit of 10 4 c.f.u. ml -1
. 68 It was later discovered that the temperature sensitive and conditionally replicating mycobacteriophage Tm4-based LRP (phAE88), which granted control over the timing of cellular lysis, produced a superior buildup of luciferase and thus a superior detection limit. 69 Use of a selective growth inhibitor (p-nitro-α-acetylamino-β-hydroxy propiophenone) was later incorporated to reduce false positives due to the large host range of the LRPs and enabled the assay to discriminate between M. tuberculosis and non-tuberculous mycobacteria. 70 A further improvement on these assays was the development of LRP phAE142 which expresses Fflux under control of the P left promoter from mycobacteriophage L5. 71 The phAE142 based LRP assay was tested in several studies, which showed a high sensitivity and specificity. [71] [72] [73] The assay was performed on cultured samples, required a median of 3 days for DST and had a detection limit of 0.5 x 10 5 to 1 x 10 5 c.f.u. ml -1 .
71,72
The ability to detect both dormant and active M. tuberculosis bacilli was investigated by testing various mycobacterial promoters that are potentially active during dormancy in LRP assays. 74 The promoters hsp60, isocitrate lyase (icl) and alpha crystalline (acr) genes from M. tuberculosis were cloned to drive Fflux expression in mycobacteriophages Tm4 and Che12. The authors reported success in detecting dormant and active M. tuberculosis in clinical samples using mycobacteriophage Tm4-based constructs with a detection limit of 10 5 c.f.u. ml -1 in clinical samples. 74 The ability of Tm4 to infect dormant cells has been attributed to motifs in the Tm4 structure (Mt3 motif in the tape measure protein) allowing infection of stationary phase cells. 75 
Fluorescent protein expression
In contrast to stained bacteriophages, recombinant bacteriophages expressing fluorescent proteins reduce production steps and cost. An example of this was the use of PP01, a recombinant T-even type bacteriophage, for detection of E. coli strain O157:H7. 76 A GFP fusion-tag was added to the PP01 SOC protein. 76 Culturable and VBNC E. coli O157:H7 cells could be detected in 1-3h using a high multiplicity of infection and observing adsorbed phages to the host cell membrane by fluorescence microscopy. 76 In lieu of the lytic nature of PP01, which could potentially decrease sensitivity in microscopy-based bacterial detection, a recombinant lysisdeficient T4 bacteriophage was investigated for E. coli detection. 77 A recombinant T4 was engineered with a mutated lysozyme gene and a GFP fusion to its SOC protein. The recombinant bacteriophage maintained infectivity and host fertility, but lacked the ability to lyse the host. The assay required a detection time of 10-30 min for both viable and VBNC E. coli and could discriminate the two cellular states in under 1 hour. 77 However, the assay could not infect all strains of E. coli when tested on sewage influent, indicating the need for a bacteriophage with a wider host range. 78 This lead to the investigation of a variety of bacteriophages that infect environmental E. coli, two of which were found to have a wider host range. 78 The two bacteriophages, IP008 and IP052, were modified to replace their lytic genes with a GFP gene in addition to a GFP fusion to their SOC genes. 78 The combined host range of the recombinant bacteriophages allowed the assay to detect 35 out of 70 tested strains of E. coli in a few hours using fluorescence microscopy. 78 Recombinant bacteriophages which express non-structurallybound fluorescent proteins in their natural hosts' cellular milieu, have also been investigated. A recombinant GFPexpressing bacteriophage lambda was developed for detection of E. coli XL1-blue in 4-6h using fluorescence microscopy. 79 Similarly, recombinant mycobacteriophage Tm4 (phAE87) was created for detection of M. tuberculosis 80 by introducing enhanced green fluorescence protein (EGFP) and ZsYellow fluorescent proteins under control of the M. bovis BCG Hsp60 promoter . The diagnostic assay consisted 16-30h infection of the cultured samples with the mycobacteriophgaes, a paraformaldehyde fixation step, then a wash step followed by fluorescence microscopy. DST was also possible by means of incubating the samples in the presence of antibiotics prior to infection, after which fluorescence is indicative of drug resistance. The assay could detect drug resistance to several antibiotics; The specificity was 90%, 93% and 95%, sensitivity was 94% for isoniazid, rifampicin and streptomycin, respectively, while the sensitivity was 94% for all 3 drugs using the proportion method as reference 81 . The time to detection was 2 days post-culture for rifampicin, streptomycin and ofloxacin and 3 days post-culture for isoniazid resistance detection. 81 The hsp60 promoter and EGFP cassette also showed detectable fluorescence levels when transferred to mycobacteriophage D29 and used to infect M. smegmatis. 82 Another study showed that addition of a Strep-tag II fusion to the phAE87::hsp60-EGFP gp9 C-terminus enabled affinity purification of host bacterial complexes. 83 One study involved the development of a fluorescent mycobacteriophage assay with a 100 fold increase in fluorescence per cell over phAE87::hsp60-EGFP. 84 The recombinant mycbacteriophage made use of the mycobacteriophage L5 p left promoter and the monomeric fluorescent protein mVenus cloned into mycobacteriophage phAE159 to create ϕ 2 GFP10.
84 phAE159 contains a TM4-gp49 gene deletion, which was suggested to allow bacteriophage superinfection and could possibly be responsible for the increased fluorescence of ϕ 2 GFP10. 84 The assay enabled detection of M. tuberculosis cells directly from sputum samples within 1h with 90% of the cells fluorescing after 4.5h. 84 The assay allowed DST on cultured samples for rifampin and kanamycin after 12h incubation and 36h incubation for isoniazid and ofloxacin. 84 In contrast to bioluminescence, which has a time-dependent reporter signal, fluorescent proteins have the benefit that the fluorescent signal remains detectable for weeks after the diagnostic assay is performed, also they do not require substrate addition as with many LRP assays. 80 
Concluding remarks
Effective diagnostics are required for detection and DST of bacterial pathogens, especially considering the diminishing effective treatment options owing to the rampant spread of drug resistance among pathogenic bacteria. Current routine diagnostics tend to be time consuming and require infrastructure which is not ideal for field use. Rapid molecular diagnostics have cost, skills and infrastructure requirements which limits their use. Bacteriophages offer unique features which could be utilized to create novel, cheap and effective diagnostics for bacterial pathogens. The assays discussed in this review have the advantage of high host-specificity, similar to antibody-based detection assays, although with significantly cheaper large-scale production costs. Current bacteriophagebased assays are designed to detect a specific host, however, diagnostic assays capable of detecting and discerning between a wide range of pathogens simultaneously is of great clinical and industrial utility. Future research on bacteriophage diagnostics could yield assays capable of detecting and discerning between multiple bacterial pathogens. This could be achieved through use of bacteriophages with altered host ranges or simulations use of multiple bacteriophages to encompass a larger host range in combination with various detection modalities. Bacteriophages represent an untapped biomass which offer novel tools for bacterial detection, as the global amount of bacteriophage particles has been estimated at 10 31 . The enormous potential offered by phage-based diagnostics warrants further optimization and development. With the emerging field of nanotechnology, it is possible that future research on bacteriophages and their components will yield a greater set of bacteriophage-based tools for the detection of pathogenic bacteria . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript
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